Climate warming over the next century is expected to have a large impact on the interactions between pathogens and their animal and human hosts. Vector-borne diseases are particularly sensitive to warming because temperature changes can alter vector development rates, shift their geographical distribution and alter transmission dynamics. For this reason, African trypanosomiasis (sleeping sickness), a vector-borne disease of humans and animals, was recently identified as one of the 12 infectious diseases likely to spread owing to climate change. We combine a variety of direct effects of temperature on vector ecology, vector biology and vector -parasite interactions via a disease transmission model and extrapolate the potential compounding effects of projected warming on the epidemiology of African trypanosomiasis. The model predicts that epidemics can occur when mean temperatures are between 20.78C and 26.18C. Our model does not predict a large-range expansion, but rather a large shift of up to 60 per cent in the geographical extent of the range. The model also predicts that 46-77 million additional people may be at risk of exposure by 2090. Future research could expand our analysis to include other environmental factors that influence tsetse populations and disease transmission such as humidity, as well as changes to human, livestock and wildlife distributions. The modelling approach presented here provides a framework for using the climate-sensitive aspects of vector and pathogen biology to predict changes in disease prevalence and risk owing to climate change.
INTRODUCTION
Climate changes have been implicated in the emergence, re-emergence or range expansion of many wildlife and human diseases in recent years, such as cholera [1, 2] , West Nile virus [3] , malaria [4, 5] and amphibian chytridiomycosis [6] . The global mean temperature has increased by 0.78C during the past 100 years and is predicted to increase by an additional 1.1-6.48C during the twenty-first century [7] . Additional warming is likely to affect the epidemiology of vector-borne diseases by altering pathogen and vector development rates and generation times, shifting the geographical distribution of vector or reservoir host populations, altering transmission dynamics or modifying host susceptibility to infection [8, 9] . Such changes could cause pathogen range expansions and host declines, or release hosts from disease control by interfering with the precise conditions that many parasites require for persistence [10] [11] [12] [13] . One vector-borne infectious disease that is expected to respond to climate change is African trypanosomiasis, which the Wildlife Conservation Society recently identified as one among 12 wildlife or zoonotic diseases likely to increase in incidence or expand their geographical range owing to predicted climate changes during the twenty-first century [14] .
An estimated 70 000 cases of human African trypanosomiasis, commonly known as sleeping sickness, occur each year, and 60 million people are currently estimated to be at risk of infection in sub-Saharan Africa [15, 16] . African trypanosomiasis infections are caused by the parasitic protozoa Trypanosoma brucei gambiense in West and Central Africa and Trypanosoma brucei rhodesiense in East Africa, and can be transmitted to humans through over 20 species of Glossina tsetse flies [17, 18] . We focus on T. b. rhodesiense, which occurs in eastern and southern Africa and is vectored by Glossina morsitans morsitans and Glossina pallidipes, along with other species and subspecies classified under the subgenus Morsitans (Glossina sensu stricto Wiedemann) [18] [19] [20] [21] . Since the Great Epidemic of the 1900s in eastern Africa that infected half a million people [22] [23] [24] , intermittent African trypanosomiasis outbreaks have occurred throughout eastern and southern Africa [25] . Outbreaks tend to occur at historical endemic foci where the parasite appears to persist in reservoir populations between outbreaks [26, 25] . Since the 1960s, there has been a resurgence in African trypanosomiasis cases in certain historic foci, as well as a spread of the disease into several new areas [27] [28] [29] owing to the discontinuation of control programmes, civil disturbances and economic problems [30] . Changes to tsetse range distributions can expose naive animal and human populations to infection. For example, the spread of Glossina fuscipes fuscipes into southeast Uganda in the 1970s and 1980s led to a serious epidemic in the region [17] . The association between shifts in tsetse ranges and epidemic outbreaks of sleeping sickness is relevant because projected changes to the regional climate regime are likely to cause changes in the distribution of certain tsetse species and alter the suitability of the environment for the parasite.
Temperature has a strong influence on tsetse population dynamics [31] , and can be one of the strongest abiotic determinants of tsetse distributions [18] . For example, the strongest predictor of G. morsitans distribution in Zimbabwe is the maximum of the mean monthly temperature-correctly predicting the flies' presence/absence over 82 per cent of the country [32] . In West Africa, temperature is the most important variable for describing the distribution of eight different species of Glossina [33] , and a combination of temperature, moisture and vegetation variables predicts tsetse ranges with greater than 80 per cent accuracy [18, [32] [33] [34] [35] . The length of the tsetse pupal development period decreases with increasing temperature, whereas larval production decreases above a certain threshold, and both pupal and adult mortality increase with temperature [31] . Laboratory studies of tsetse physiology have also shown that tsetse survival and metabolic rates are temperaturedependent [36] [37] [38] . The importance of meteorological variables, particularly temperature, in determining tsetse abundance and distribution suggests that climate change will probably alter the distribution of suitable tsetse habitat throughout much of sub-Saharan Africa.
As the evidence for climate impacts on disease has increased, there has been a move towards incorporating climate effects into models of disease transmission and potential distributions of vectors [32, 39] . Because climate changes affect multiple parameters involved in the epidemiology of a particular disease-often in different directions and with different intensities-predicting the effect of climate change on disease transmission and risk requires a framework that specifically incorporates the role of each climate-sensitive parameter. One approach, proposed by Rogers & Randolph [39] , focuses on understanding the effects of climatic changes on the basic reproductive number, R 0 , of the parasite. R 0 provides a threshold quantity for predicting the pathogen's ability to invade and persist in a host population, and also provides other valuable information regarding the nature of the epidemic [40] [41] [42] . Here, we use the approach of Rogers & Randolph [39] to examine the response of African trypanosomiasis to climate change owing to the sensitivity of both the tsetse vector and the parasite to relatively small changes in mean temperature.
Here, we focus on incorporating the effect of mean annual temperature on the important epidemiological parameters in our R 0 model of African trypanosomiasis in order to understand the likely impacts of climate change on the geographic range of T. b. rhodesiense in southern and eastern Africa. Our analysis focuses on the effects of temperature on aspects of tsetse biology that influence disease transmission, because the potential changes to wildlife and livestock reservoir populations, as well as the progression of disease within these populations, are too uncertain. We predict a suitable temperature range for T. b. rhodesiense, and then use this range to forecast changes to the parasite's range under several climate change scenarios. We assess the extent of overlap between the current distribution of the Morsitans group of tsetse flies and the current and future T. b. rhodesiense ranges predicted by the model. We also compare the model predictions with the current distribution of the human population in the region to determine how the human risk of exposure might shift during the twenty-first century. Our results demonstrate the importance of addressing the climatesensitive aspects of vector and pathogen biology for predicting changes in disease risk or incidence owing to climate change.
MODEL
African trypanomiasis epidemiology primarily centres on the interactions between the hosts, which can be either human or animal, and the tsetse vector. We model the transmission dynamics in all three populations-human hosts, animals hosts and the vector, using a commonly used SIR-type framework [43, 44] . The populations are divided into several compartments: susceptible and infected for humans; susceptible, infected and recovered for animals; and susceptible, exposed and infected for vectors. The abbreviations S, E, I and R stand for susceptible, exposed, infected and recovered, respectively, and the subscripts H, A and V stand for humans, animals and vectors, respectively (e.g. I H are the number of infected humans). In both human and animal hosts, susceptibles become infected via an infectious tsetse bite, and recover from the infection, at per capita rates l, and g, respectively. In humans, recovery follows successful treatment, and recovered individuals are susceptible to future infections [17, 45] . In contrast, some animals can recover naturally [46] and recovered individuals may be immune to future infections [47] . For both hosts, newborns are always susceptible, and the per capita birth rate is b, and hosts either die naturally or owing to the disease at per capita rates d and k, respectively.
Tsetse flies acquire pathogens via infectious hosts during blood meals at a per capita rate l V . Upon successful transmission, the tsetse flies are initially in a non-infectious exposed state. Depending on the pathogen's development rate in the fly, tsetse flies then enter an infected state, capable of transmission. We take this development rate to be m V . Once infectious, we assume that tsetse flies remain in that state for the duration of their lifespan. Per capita tsetse birth and death rates are taken to be b V and d V .
The following set of ordinary differential equations fully describe the epidemic and demographic processes.
The three forces of infection-l H , l A and l V capture the details of the transmission process. Tsetse flies have a per capita biting rate a. These bites are disproportionately distributed among available human and animal hosts. Therefore, we assume that tsetse have a preference for animal blood meals k times than over human blood meals. When the bite involves a susceptible host and an infectious tsetse or a susceptible tsetse and an infectious host, there is a chance of transmission of the pathogen. The probabilities of such transmission per bite are given by b V!H , b V!A , b H!V and b A!V , depending on the direction of the transmission and the hosts involved. This leads to the following equations for the three forces of infection: 
where,
Parameter values are taken from field studies, laboratory experiments and other African trypanosomiasis models found in the literature (see table 1 for parameter values and appendix A for details on how these values were selected).
Effect of temperature-dependent parameters on R 0
We focus on the effect of climate change on African trypanosomiasis epidemiology by examining the overall effect of several climate components on the net reproductive number, R 0 [39] . In particular, R 0 ¼ 1 is a threshold for parasite invasion and persistence-when R 0 is below this threshold, the parasite cannot persist in the host population. Hence, any effect of climate on R 0 should directly affect the ability of the parasite to establish in a host population. The climate-induced effects can be thought of in two parts: (i) the effect of climate on specific biological or ecological quantities; and (ii) the relative role of each quantity on the epidemiology of the disease. In this paper, we consider temperature as the only climatic driver. Tsetse flies are also susceptible to humidity levels [31] , but the effect of changes in humidity is more difficult to quantify and sparsely documented in the literature. We take temperatures as means; although diurnal fluctuations are perhaps relevant [49] , it is beyond the scope of this paper.
Evidence suggests that the vector biting rate (a), vector mortality rate (d V ) and parasite development rate in the vector (m V ) are all sensitive to changes in temperature. In addition, the distribution and abundance of different tsetse species are highly sensitive to temperature [18, 50, 51] . Because vector abundance appears in equation (2.2), any changes to tsetse abundance will also alter R 0 . Transmission rates from the vector to human (b V!H ) and animal (b V!A ) hosts, and from the hosts back to the vector (b A!V , b A!V ) may also be affected by temperature, but the data needed to estimate these relationships are lacking, so we assume that all transmission rates are constant. Other aspects of HAT epidemiology, such as wildlife abundance or recovery rates in animals and humans, are also likely to be altered by climate change, but the Climate change on trypanosomiasis S. Moore et al. 819
relationship between climate and these variables is unknown.
The change in R 0 with a change in mean temperature can be determined by the sum of the effects of temperature on each temperature-sensitive component of R 0 coupled with the corresponding change to R 0 :
ð2:3Þ
The mathematical relationships between R 0 and the temperature-sensitive biological parameters are as follows:
ð2:5Þ
Equations (2.4) -(2.7) indicate that increases in a, m V or N V will all have a positive effect on R 0 , while an increase in d V will have a negative effect. However, the quantitative effect of temperature change on R 0 will depend on both the individual relationships of these parameters with temperature and their combined impact within the R 0 equation. While the relationship between R 0 and changes to its various components is relatively straightforward, there is a greater deal of uncertainty in determining the relationship between temperature and the various model parameters, because these parameters often incorporate various aspects of the physiology, behaviour and ecology of tsetse flies and their hosts [20] . In some cases, the directional effect of temperature can be predicted, but even for these parameters an accurate quantitative relationship to temperature is typically not available. In the subsections that follow, we describe the quantitative effects of temperature on several parameters for which plausible estimates can be derived, namely tsetse abundance (N V ), tsetse mortality rates (d V ), biting rates (a) and the parasite development rate in tsetse (m V ). These temperature equations are then coupled with the appropriate equations (2.4)-(2.7) to examine how R 0 is influenced by parameter-specific temperature effects.
Tsetse mortality rate (d V ) and temperature
Temperature has a nonlinear effect on the mortality rate of tsetse flies; mortality rates are high at both low and high temperatures with optimal rates occurring at intermediate temperatures [31] . Hargrove [52] determined the relationship between temperature and mortality for G. pallidipes and G. m. morsitans via a mark-recapture study on Antelope Island, Lake Kariba, Zimbabwe. Mean temperatures explained the majority of the variance in mortality rates, although the exact relationship between tsetse mortality rates and temperature depends on both the species and sex of the fly. Here, we use the general equation derived by Hargrove [31] :
We average the male and female estimates of k 1 and k 2 derived by Hargrove [31] for each species to get speciesspecific parameter values (figure 1a). The estimated [31] . The derivative of d V with respect to temperature ( T ) is therefore
Biting rate (a) and temperature
The biting rate, a, represents the frequency of feeding activity by tsetse flies. As ectotherms, tsetse internal rates of reaction, which affect growth and cellular differentiation, are particularly sensitive to environmental temperatures [53] . The basal metabolic rates of several Glossina species increase log-linearly with temperature [36] [37] [38] . Because adult tsetse flies tend to remain inactive in a resting location between blood meals, and only emerge to search for an appropriate host when hungry [20, 31] , we assume that their feeding rate will show the same ratetemperature response as their metabolic rate. Therefore, the slope for the biting rate-temperature equation is the same as the slope of the relationship between temperature and log metabolic rate for G. m. morsitans and G. pallidipes over a range of 20-328C as experimentally determined by Terblanche & Chown [37] : Climate change on trypanosomiasis S. Moore et al. 821 rate-temperature response is subject to a maximum tolerance threshold, above which rates can drop rapidly owing to enzyme inactivity [54] , the maximum temperature of 328C in this study is higher than the maximum temperature at which positive population growth rates occur for either species (see §2.2.4), but lower than the temperature of denaturation. Therefore, we assume a log-linear relationship between biting rate and temperature over the range of temperatures considered in this article (figure 1b).
Parasite development rate, m V , and temperature
An early study by Kinghorn & Yorke [55] found that the length of the T. b. rhodesiense development cycle in G. morsitans was negatively correlated with ambient temperatures. Desowitz & Fairbairn [56] found that the development period for Trypanosoma vivax in G. p. palpalis decreased in a linear fashion as temperature increased from 218C to 308C. By assuming that the recruitment rate of tsetse flies into the infectious class (m V ) is 1/(development period), we derive the following equations from Desowitz & Fairbairn's [56] experimental data:
We assume that the development rate of T. b. rhodesiense will show the same quantitative relationship to temperature as T. vivax (figure 1c).
We also parametrize the y-intercept so that the development rate is m V ¼ 0.056 d 21 at 258C to match estimates from a laboratory study of T. b. rhodesiense development in G. m. morsitans by Dale et al. [57] .
Tsetse abundance, N V , and temperature
Mean temperature is one of the key influences on the abundance of several tsetse species [18,31,50,51,58,] . Tsetse reproduction, development and mortality rates are all temperature-sensitive [31] , so the population growth rate will be influenced by temperature. Here, we calculate the population growth rate from these life- The population growth rate, r, depends on the daily survivorship of pupae (s a ), nulliparous adults (s b ) and adult flies (s c ), as well the number of days spent in each of these age classes, t a , t b and t c , respectively. The population growth rate also depends on the fecundity rate (b), which depends on the larval mortality rate, the length of the inter-larval period and female adult mortality rate. A complete list of the parameters in equation (2.10), and the temperature-response rate of G. morsitans for each of these parameters, is included in table 2. We assume that the equilibrium tsetse abundance is directly correlated to the average population growth rate, with the maximal equilibrium abundance occurring when the growth rate is maximized and a zero abundance if the population growth rate is negative for a given mean annual temperature. The abundance at other temperatures is calculated by scaling abundance proportional to the maximum abundance based on the growth rate relative to the maximum growth rate (figure 1d ).
Model analysis
The relationships between R 0 and temperature described in equations (2. [65] . The Morsitans dataset provides a map of the probability of occurrence rather than presence/absence, so for our analysis we use a probability of occurrence of 75 per cent as a threshold for presence/absence. We calculate the percentage of the current Morsitans range predicted also to be suitable for T. b. rhodesiense, as well as the proportion of tsetse habitat either too cold or too hot for the parasite. Future climate conditions are simulated using results from two general circulation models (GCMs) included in the Fourth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC) [7] . For the GCMs developed by the Hadley Centre (HadCM3) and the National Center for Atmospheric Research (CCSM3), we examined two greenhouse gas (GHG) emissions scenarios: a moderate scenario with intermediate population and economic growth estimates and modest emission controls leading to emissions peaking at mid-century (B1) and a more extreme scenario with high global population, slow economic growth and slow technological changes (A2) [7] . For each GCM and emissions scenario, we use the 20-year mean annual temperature for two periods: 2046-2065 and 2080-2099. The future climate datasets have a coarser spatial resolution (2.5 Â 3.758 for HadCM3 and 1.4 Â 1.48 for CCSM3) than the current climate dataset; therefore, we overlay the future temperature anomalies over the current climate layer to create a future climate data layer with a spatial resolution of 2.5 arc-minutes. We then determine the predicted suitable geographical range for T. b. rhodesiense for the periods 2046-2065 and 2080-2099 under the A2 and B1 emissions scenarios by averaging the results from the HadCM3 and CCSM3 GCMs. We also examine the proportion of the current Morsitans range that will become too hot for the parasite under each of these scenarios. Because our model does not provide a prediction of how tsetse distributions will shift, we present results regarding the parasite's range expansion without making any assumptions about whether the vector will also shift its geographical distribution.
The number of people currently living within the suitable temperature range for T. b. rhodesiense is calculated using population estimates provided in the Gridded Population of the World [66] . We assume here that the human population size and distribution will remain constant because future population estimates are not yet available at the spatial resolution of our model. Population counts at a spatial resolution of 2.5 arc-minutes were overlaid with current mean annual temperatures, and the future climate scenarios, in order to estimate the number of people currently at risk, the number of additional people who could be at risk under the projected warming scenarios and the number of people living in regions that will likely become too hot for sustained African trypanosomiasis transmission under the various future climate projections.
To calculate R 0 as a function of mean temperature, we have used empirically derived fixed parameter values. However, there is an unknown amount of uncertainty associated with each of these values, particularly for those parameters that were estimated from studies of Trypanosoma congolense or Trypanosoma gambiense rather than T. b. rhodesiense. We conducted a sensitivity analysis to determine which parameters had the largest influence on R 0 and to determine how sensitive R 0 was to changes in the ratio of vectors to hosts and the animal : human host ratio. We also conducted an uncertainty analysis using the Latin hypercube sampling approach described earlier [67, 68] to see how sensitive our results were to parameter uncertainty. In particular, we examined the effect of uncertainty in key parameters on the temperature range where R 0 . 1. Further methodological details and results of the sensitivity and uncertainty analyses are provided in the electronic supplementary material.
RESULTS
Based on the relationships between mean annual temperature and the four temperature-sensitive parameters in equation (2. The predicted range shift of T. b. rhodesiense corresponds to a significant increase in the number of people potentially exposed to the parasite. A total of 75.7 million people live within the current potential range of T. b. rhodesiense, but over 97.9 and 108.8 million people live within the projected range for 2055 under the B1 and A2 emissions scenarios, respectively. In addition, over 105 million people live within the projected range for 2090 under both emission scenarios. For 2090, this includes 46.4 (B1) to 76.7 (A2) million people within the expanded portion of the range who are not currently predicted to be at risk of infection according to our model.
DISCUSSION
Climate change, particularly global warming, is already altering habitat quality, species distributions, biodiversity and many essential ecosystem services [69 -71] . In the Northern Hemisphere, species distributions are shifting northwards at a rate of 6.1 km per decade and upwards in elevation by 6.1 m per decade [69] . Climate warming over the next century is also expected to have a large impact on the interactions between pathogens and their animal and human hosts [10, 72] . Our model results indicate that projected increases in mean annual temperatures over the next 50-100 years are likely to significantly shift the distribution of T. b. rhodesiense to eastern and southern Africa. These shifts in distribution may lead to an increase in the number of people at risk of infection.
Although our model does not predict a major expansion or contraction in the suitable range for T. b. rhodesiense, our results suggest that there may be a significant shift in the geographical areas at risk of African trypanosomiasis outbreaks. The suitable geographical range for T. b. rhodesiense based on mean annual temperatures is predicted to increase 10-11% by 2055. By the end of the century, the extent of the suitable range is predicted to be 85-111% of its current size depending on assumptions about future GHG emissions. However, under each scenario, we considered that at least 20 per cent of the current suitable range is predicted to become too hot. In addition, 28-38% of the 2055 range, and 35-63% of the 2090 range, is new habitat for the parasite. The greatest amount of warming is predicted under the A2 emissions scenario (an increase of 3.48C in the global mean temperature by 2090; [7] ), which our model predicts will lead to a 15 per cent decrease in the geographical extent of the suitable range by 2090. This occurs because 68.5 per cent of the current suitable range becomes too hot for the parasite. Owing to regional variation in the GCM predictions, some areas in southern Africa are actually predicted to go from being too cold at current temperatures (less than 20.78C), to being too hot by 2090 (greater than 26.18C).
Although several recent studies have predicted that the geographical ranges of vector-transmitted pathogens will expand owing to global warming [73] , Lafferty [12] suggests that shifts in the suitable range for pathogen transmission and persistence are more likely than largerange expansions. The relationship between climate and habitat suitability for vector-transmitted pathogens is likely to be complex because important epidemiological parameters exhibit nonlinear or contrasting responses to changes in temperature or other climatic variables. For example, our model predicts that tsetse population growth rates and abundance show a unimodal response to temperature, with the highest growth rates occurring at intermediate temperatures ( figure 1) . Our results in this study largely support Lafferty's hypothesis as the model predicts a large shift in the geographical range of T. b. rhodesiense owing to a considerable contraction of the existing range and a corresponding expansion into new areas. These results suggest that the modelling framework presented here could be an important tool used to predict whether the geographical distributions of other infectious diseases are likely to Climate change on trypanosomiasis S. Moore et al. 825
expand, contract or undergo range shifts under different climate-change scenarios.
Even if the size of the geographical range does not increase significantly, range shifts can lead to changes in the number of people at risk of exposure and disease incidence. For example, Pascual & Bouma [72] point out that the highland plains in East Africa are the most densely populated region on the continent; therefore, an upward shift in the suitable elevation range for malaria would lead to a large increase in the number of people exposed to the disease. This parallels our finding that between 22 and 33 million additional people live in the projected future suitable range for T. b. rhodesiense when compared with its current suitable range, because the distribution is predicted to shift upwards into the East African highlands where there are high population densities. In addition, the expansion of African trypanosomiasis into areas containing immunologically naive wildlife and domestic animal populations could lead to increased transmission rates and a greater risk of spillover from animal reservoirs to humans [74] .
The projected suitable geographical ranges for T. b. rhodesiense presented here represent the broadest possible extent of the parasite's distribution, because the distribution of the parasite is dependent on abiotic and biotic factors other than the mean annual temperature. In particular, the parasite is obviously limited to regions where tsetse flies are present. Although mean temperatures are an important determinant of tsetse distributions [18, 32] , tsetse abundance can also be influenced by many other environmental factors such as relative humidity, minimum and maximum temperatures, vegetation, and host availability [18,32 -34,64] . Only 32.2 per cent of T. b. rhodesiense's current suitable geographical range-as predicted by our modelis probably considered Glossina habitat [64] . However, we have presented the entire possible geographical range of the parasite for comparison to its projected ranges in 2055 and 2090 because we do not have predictions of how tsetse distributions will shift in the future, and we do not want to limit our analysis to current tsetse distributions. If tsetse distributions do not adjust to future climate conditions, then reductions in the potential geographical range of T. b. rhodesiense are likely to be significant. We predict that 27-41% of current tsetse habitat in eastern and southern Africa will be too hot to sustain the parasite by 2055, and 35-70% will be too hot by 2090. However, tsetse are unlikely to be limited by their dispersal ability [31] , so it is likely that they will be able to shift the elevational and latitudinal extents of their range in regions with suitable climate and habitat conditions. The projected geographical ranges of T. b. rhodesiense presented here should be considered as preliminary risk maps. In areas of specific concern, an assessment of the current and forecasted habitat conditions should be conducted to determine whether future environmental conditions are likely to support both the parasite and its vector(s).
In addition to the presence of at least one Glossina species, T. b. rhodesiense also requires the presence of animal reservoir hosts [75] . Because T. b. rhodesiense cannot be sustained solely by human -fly -human transmission, humans are only at risk if there is a sufficient abundance of potential reservoir hosts [76] . Therefore, the predicted suitable temperature range for the parasite will also be limited by reservoir host distributions. Wildlife hosts were traditionally assumed to be the major reservoir because many wildlife species were thought to be highly trypanotolerant ( [77] ; but see [78, 79] for early counterexamples), but domestic livestock have also been implicated as reservoirs in several recent outbreaks of Rhodesian sleeping sickness [24, 29, 62, 80, 81] . In rural areas, where land-use changes have led to increased contact rates between wildlife and domestic livestock, local populations of wildlife and livestock may jointly serve as reservoirs [76] . If tsetse species can shift their distributions as conditions become favourable in southern Africa and the highlands of East Africa, these more densely populated regions that also have large livestock populations may be at particular risk of Rhodesian sleeping sickness outbreaks. However, climate and land-use changes will surely alter the current distribution of wildlife reservoir species and livestock, which may alter the suitable geographical range for trypanosomiasis transmission presented here. Future analyses should try to address how shifts in the distribution and abundance of humans, livestock and wildlife are likely to affect tsetse populations and disease transmission.
The effects of climate change on ecology and epidemiology of human African trypanosomiasis and other diseases are likely to vary in both degree and direction, often in a non-additive fashion [39] . Using parameters related to vector and parasite biology can help refine predictions of disease prevalence and risk owing to climate change. This approach has the potential to not only identify regions of risk as we have done here, but also assess the levels of risk based on R 0 values. By formulating a model, one can provide a framework to explore the effects of the complex processes involved in parasite transmission and epidemiology in a systematic manner. Here, we forecasted how African trypanosomiasis epidemiology might respond to changes in mean annual temperature in eastern and southern Africa by incorporating the effects of temperature on several key parameters (tsetse abundance, mortality, feeding activity and trypanosome development rate in tsetse flies). Our results show that combining the effects of climate change on different parameters involved in human African trypanosomiasis epidemiology is essential to obtain a more comprehensive understanding of the overall effect of climate change on disease risk.
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APPENDIX A. TRYPANOSOMIASIS PARAMETER VALUES
Trypanosoma brucei rhodesiense infections in humans typically reach the central nervous system within two months of infection and most (greater than 80%) untreated individuals die within six months of infection [82] . The average duration from onset of symptoms to death during one epidemic in Uganda was 108 days in the absence of treatment [82, 83] , so we assume that the daily instantaneous mortality rate due to infection is k H ¼ 0.0093 d
21
. This rate is only an approximation because it ignores the incubation period prior to the onset of symptoms, as well as additional mortality in treated individuals that can be as high as 10 per cent. Determining a recovery rate in humans is difficult because recovery is possible only through medical treatment of an infection, but the number of undetected cases per detected case may be fairly high [83] . Odiit et al. [83] found that during the 1988 -1990 sleeping sickness outbreak in Tororo, Uganda, an estimated 39 per cent of the cases went undetected and untreated ( presumably leading to death), 20 per cent were reported during the early stages of illness and 42 per cent did not present symptoms until the later stages. Based on these percentages, and average times from the onset of symptoms to treatment of 45 and 94 days for early and late cases, respectively [83] , we have calculated a recovery rate owing to treatment of g H ¼ 0.009 d 21 for humans.
Many domestic livestock and wildlife species can be infected by T. b. rhodesiense [24, 75, 81] , and these species show a wide range of resistance or tolerance to infection [77] . The relative importance of wildlife species versus domestic livestock as a reservoir for T. b. rhodesiense depends on their local densities and proximity to humans and tsetse habitat, but in many regions of East Africa, cattle are increasingly becoming an important reservoir species owing to land-use changes that reduce the abundance of potential wildlife hosts in areas of moderate or heavy human habitation [76] . Following an outbreak of Rhodesian sleeping sickness in the Lambwe Valley of Kenya in the early 1980s, Wellde et al. [80] found that the local breeds of Zebu cattle had high levels of T. b. rhodesiense infection and many showed signs of illness. A subsequent study with several local cattle breeds found that close to 50 per cent of experimentally infected cattle eventually died from the illness, with the time to death ranging from 85 to 1613 days [46] . Based on the results of this study, we have calculated a disease-induced mortality rate for animal hosts of k A ¼ 0.0008 d
. All of the cattle in the study by Wellde et al. [46] became infected and parasitaemia levels in the blood typically remained high enough to infect tsetse flies for three to five months. Therefore, we assume that the recovery rate of infected reservoir hosts is g A ¼ 0.0083 d
. Dale et al. [57] found that the average development period for T. b. rhodesiense in G. m. morsitans was 18 days under laboratory conditions at 258C, resulting in a parasite development rate of m ¼ 0.056 d
. The mortality rate of adult tsetse is species-, sex-and temperature-dependent [31] ; therefore, the estimate of tsetse mortality is discussed in more detail in §2.2.1 describing the relationship between tsetse mortality and temperature. A preference of tsetse for nonhuman over humans hosts of k ¼ 25 was estimated from tsetse blood meal data collected in three districts of southeastern Uganda [84] , and human and livestock population estimates for each of these three districts from the 2002 national census and the 2006 livestock census. This strong preference of Glossina for nonhuman hosts has been observed in other studies of tsetse feeding preferences [85, 86] .
Field-derived estimates of the probability of infectious tsetse flies transmitting T. brucei are extremely limited. Although previous studies have assumed that the efficiency of transmission from tsetse to competent host species is relatively high, Baylis [87] found that the probabilities of transmission from G. pallidipes and G. longipennis to cattle for T. vivax and T. congolense were only 0.84 and 2.36 per cent, respectively. Because the development of T. brucei in tsetse flies is more similar to that of T. congolense than T. vivax [20] , we assume that the probability of transmission of T. b. rhodesiense from tsetse to animals or humans is comparable with the T. congolense transmission efficiency of 0.0236. We could not find any accurate estimates of the average probability of tsetse flies acquiring T.b. rhodesiense from an infected host during a blood meal. However, Baylis [87] found that the susceptibility of G. palpalis to infection with T. b. gambiense was 3.55 per cent, so we assume a transmission probability of 0.0355 from either human or animal hosts to tsetse.
Initial human, animal and tsetse abundances are 1000, 2000 and 60 000, respectively. These values represent abundances for a small village near prime tsetse habitat.
